Abstract
Introduction & Background
Ready access to affordable oil has been a cornerstone of the U.S. economy for decades. Today, the U.S. consumes almost 21 million barrels of crude oil and refined products per day-almost one-quarter of the world's total crude oil consumption of 85 million barrels per day. Approximately 60% of the current U.S. demand is supplied by imports [1] . The transportation sector, which receives nearly all of its energy from petroleum products, accounts for two-thirds of U.S. petroleum use.
In the past few years, world oil prices have increased significantly-from a range of $15-25 per barrel range during the mid-1980s until 2002 to over $100 per barrel in early 2008. The underlying drivers, such as low spare world-oil-production capacity and rapid world oil demand growth, are expected to continue to impact the world oil market for the foreseeable future. The jump in oil prices has spurred a flurry of investment in biofuels (specifically ethanol) by venture capitalists, Wall Street investors, farmers, and automakers. The federal government has also stepped up its efforts; most recently, President Bush signed the Energy Independence and Security Act (EISA) [2] , implementing his "Twenty in Ten" goal to cut U.S. gasoline consumption by 20% over the next 10 years that focuses on two key elements:
• A renewable fuels standard (RFS) requiring fuel producers to use at least 36 billion gallons of biofuels in 2022 (16 billion gallons of cellulosic biofuels) (~15% reduction) • A national fuel economy standard of 35 miles per gallon by 2020 (~5% reduction)
The U.S. Department of Energy (DOE) Office of the Biomass Program (OBP) has been tasked with leading the effort to meet the cellulosic biofuels mandate of EISA. Transitioning from our current petroleum-based transportation fuel economy to a future fuel economy that incorporates significant amounts of alternative and renewable transportation fuels can be characterized and addressed as a System of Systems (SoS) problem. This paper describes how system dynamics can be employed to understand possible sequences of events behind the deployment of biofuels technology and, ultimately, to guide the transition to a biomass-to-biofuels SoS.
Recent controversy over the possible greenhouse gas emissions side effects of land-use change associated with increased biofuels production [3] [4] further highlights the value of comprehensive SoS modeling of the full biofuels supply chain along with its coupling to the broader agriculture, economic, and energy systems.
System of Systems

Overview
SoS is an emerging capability-or enterprise-based approach to solving complex problems in which multiple complex systems interact both independently and as an integrated whole. While SoS has its roots in the established systems engineering discipline, as outlined in Table 1 , addressing SoS goes beyond traditional systems engineering in a number of ways. This broader, more flexible approach of SoS Engineering (SoSE) is needed to characterize the complexity of an evolving and expanding biomass-to-biofuels SoS. 
System of Systems as a Framework for Biofuels Deployment
Deploying large volumes of cellulosic ethanol to meet the EISA mandate will require significant technology advancements in concert with effective government policies to motivate industry transformation across the biomass-to-biofuels supply chain. The existing petroleumbased, feedstock-to-fuel supply chain is a decades-old, fully mature, highly networked, and relatively efficient SoS. As such, it contains great inertia-resulting from sunk costs in the current infrastructure and consumer expectations regarding performance, cost and safety-that will influence the energy economy well into the future. Transitioning to a biofuels SoS will require initially integrating with and ultimately transforming industries of the current transportation fuel SoS supply chain-i.e., petroleum fuels production and distribution industries and the automobile industry as well as the well-established industries that will provide biomass feedstock (e.g., agricultural, forestry, waste management) and produce biofuels (e.g., corn ethanol industry).
While the OBP can identify and direct the research and development (R&D) required to meet the advanced technology requirements and provide cost-share funds to prove integrated technologies in demonstration-scale plants, the full-scale infrastructure development and technology commercialization will be done by industry (from shifting agricultural land use, to building capitalintensive biorefineries, to establishing the infrastructure and public vehicle fleet for ethanol distribution and end use). Contributing to the President's goals will require the focused, coordinated and collaborative action of a multitude of diverse stakeholders. The many stakeholders with key roles in the development of the future biomass-tobiofuels SoS are shown in Figure 1 .
To align and coordinate all of these stakeholders' efforts, OBP has organized its efforts across the biomassto-biofuels supply chain, which can be viewed as a system of five major systems from the farmer's field to the consumer's vehicle, as illustrated in Figure 2 . This system of systems framework creates the potential to analyze and understand the workings of individual systems, in isolation and in concert, as the industry evolves over time.
System Dynamics Approach
Overview
To represent and simulate the behavior of this SoS, we have adopted a system dynamics approach. System dynamics originated at the Massachusetts Institute of Technology in the 1950s as a tool to improve understanding of complex industrial processes. Since then system dynamics has been productively applied to a wide range of industrial and organizational, and policy-oriented systems problems [6] . Effective system dynamic applications represent real-world systems using stocks and flows to capture essential accumulations and activities. Drivers of activity within the system are represented as information-feedback processes. The resultant model of the feedback structure constitutes a theory of system structure which is closely tied to system performance.
SoS problems tend to share four important characteristics:
• They involve dynamics-change over time is a defining characteristic of the issue-space • Multiple players and diverse interests interact to impact system performance • Interdependencies among different systems and processes are critical to overall SoS performance • Communication of issues, structure, and leverage points can be very difficult.
Using these criteria as a filter, the potential evolutionary trajectories of a biofuels industry in the United States can be seen as a classic system dynamics problem. The issues involve dynamics around developing, transitioning, and sustaining an entire industry. Multiple players are involved-ranging from farmers to venture capitalists to automobile manufacturers to congressional policy makers. Failure to understand and develop any link within the supply chain can thwart development of the industry. And finally, because both detail and dynamic complexity is so rich, it can be very difficult to understand and communicate the SoS interactions from the perspective of a single disciplinary framework.
A system dynamics model of the biofuels industry thus has potential to improve understanding of system behavior, to provide useful inputs to the policy evaluation process, and to serve as a vehicle for evaluating alternative policy actions. In contrast to simply forecasting future events, system dynamic models attempt to identify the underlying structure in order to show how to steer, control, or otherwise influence the future evolution of the system.
OBP's System Dynamics Model
3.2.1
Biomass Scenario Model Overview The Biomass Scenario Model (BSM) was developed to investigate the dynamics associated with the potential evolutionary trajectories of a biofuels industry in the U.S.
The model uses a system dynamics framework, built on the STELLA software platform [7] , to represent the dynamic interactions of the major systems that comprise the envisioned biomass-to-biofuels SoS. This model tracks the deployment of ethanol given development of new technologies (in feedstock collection, conversion, and vehicles) and the reaction of the investment community to those technologies in light of the competing oil market, vehicle demand for biofuels, and various government policies over time. Its intended use is to generate plausible scenarios around the evolution of an ethanol transportation fuel industry in the U.S. The BSM is currently undergoing significant revision in order to provide a richer view into feedstock production and logistics, conversion technology, fuel infrastructure, and markets.
Although the original prototype of the BSM included only five modules, the new version of the BSM is comprises of seven modules (six representing the biomassto-biofuels supply chain and one representing the existing petroleum industry), which can be run in isolation or in complete or ad hoc combination. As is evident from Figure  3 , each module corresponds to one of the major systems in the biomass-to-biofuels SoS. Each module, in turn, is comprised of several sectors representing separate areas of concern within the system. Thus our architectural approach for the BSM mirrors the real-world hierarchy of interdependent systems that each are composed of interacting subsystems. This decomposition facilitates parallel development, testing, data management, validation, and reviews for the modules and makes the BSM project considerably more agile. The OBP's overarching goal for each system of the supply chain [8] and the objective of the analogous BSM module are summarized in Table 2 . A highly simplified representation of key feedbacks captured within the supply chain framework is shown in Figure 4 . As suggested in Figure 4 , for example, limited availability of feedstock can constrain the rate of growth in cellulosic ethanol production capacity. Meanwhile, mismatches between available supply and quantity demanded at a given price will tend to drive changes in price.
In the current BSM, the dynamics of the growth across the supply chain are determined by the timing of the build up of the infrastructure associated with each system. From a SoS perspective, this build up of the supply chain infrastructure is the capability that must be deployed to realize a future biofuels industry. This capability is developed in the context of the competing oil market, vehicle demand for biofuels and various government policies over time. In the model, the build up of the infrastructure is determined by the dynamics of investor decisions. Investor response is driven by the performance and cost competitiveness of the fuels (which are driven by technology advancements due to R&D progress) along with the potential demand for them in the marketplace. Specific government policies and external economic factors (e.g., interest rates, price of gasoline) are evaluated as to their impact on the relative attractiveness of investing in new biofuels technology. Data for the model is derived from more detailed and narrowly-focused studies of individual systems of the supply chain including feedstock logistics analyses, agricultural economics analyses, process models, life cycle assessment, economic models and market analyses.
The BSM has great potential as a tool for generating and evaluating scenarios and relative impacts of cost targets, policy drivers, tipping points, etc. However, highlevel system models such as the BSM cannot provide absolutes to a high degree of precision (see Table 3 ). Thus the BSM is best suited for (i) the analysis and evaluation of alternate policies, (ii) scenario generation, (iii) identification of high-impact levers and bottlenecks to system evolution, and (iv) seeding focused discussion among policy makers, analysts, and stakeholders. When the model output reaches unusually dramatic systembehavioral regimes, modeling assumptions-particularly the behavioral aspects of decision making and the adequacy of the representation of feedback-need careful reexamination. The model itself often indicates which assumptions need most scrutiny; hence, it helps define the research and learning agenda. 
Preliminary Results & Policy Insights
The current version of the BSM was recently used to help OBP understand potential growth trajectories and likely volumes of cellulosic ethanol that could be produced as a result of various government initiatives [9] . Specifically, scenarios were developed to compare various government initiatives targeted at reducing operating costs and/or capital cost of cellulosic ethanol production. All options were evaluated in the context of influencing the investment decision to build full-scale cellulosic ethanol production facilities. As shown in Figure 5 , the analysis suggests that the policies considered-feedstock grower payment, cellulosic ethanol production subsidy, and capital subsidy for construction of full-scale cellulosic ethanol production facilities-can motivate increased production of cellulosic ethanol production by 2017.
Latent within the BSM are positive feedbacks that in isolation would tend to underwrite exponential growth in cellulosic production capacity (as indicated by the nonlinearity of the curves in Figure 5 ). The rate of growth in the industry can be constrained by investment risk as well as operating costs. By ameliorating these constraints to varying degrees, the scenario policy initiatives enable growth in production relative to the Base Case. These results suggest that government initiatives can be used to "prime the pump," reducing investment risk and initial operating cost, thus enabling the new industry to grow to the point at which it has become self-sustaining.
Conclusions and Next Steps
A significant shift in the transportation energy sector is on the horizon as oil supplies tighten and the growth in worldwide energy demand accelerates. Increased pressure for environmentally and economically sustainable technologies and concerns about national energy security will also shape our future transportation systems. A SoS framework can effectively guide this complex evolutionary Table 3 . Potential Uses of the BSM.
Appropriate Usage
Inappropriate Usage Generate scenarios to explore future biofuels landscapes.
Generate x gallons in y years with z dollars investment.
Identify areas of potential high leverage.
Identify specific numerical values of particular investments. Assess relative merits of technologies and logistics in a gross sense, given solid technological assumptions.
Make fine distinctions between potential of technologies.
Explore the potential for tipping-point and lock-in/lockout dynamics.
Predict precisely tipping points and pin them to specific times. Build intuition, insight, and knowledge around the supply chain.
Use as a definitive embodiment of knowledge.
Think through the relative efficacy of different policy prescriptions.
Rely solely on it to define policy. process in which advanced energy technologies and systems will be continually integrated into the existing transportation fuel infrastructure as they become commercially available.
Cellulosic Ethanol Production
Scenarios evaluated in the system dynamics-based BSM help policy makers to envision, in broad terms, the emergence of a sustainable biomass-based industry and plausible future conditions. Its relatively intuitive nature is well suited to the "what if" scenario building needed to understand the possible paths for a new biomass-tobiofuels SoS. The power of the model is not primarily in the specific numbers it generates, but rather in the insight it provides into how specific actions facilitate or impede the take-off of a biomass-based transportation fuel industry.
Incorporating additional aspects of the "real-world" operational context into the model will lead to a more robust characterization and improved understanding of the full impacts of transitioning to a biomass-to-biofuels SoS. These include:
• Environmental Context: Key environmental issues associated with the biomass-to-biofuels system include soil sustainability, water impacts of feedstock production and conversion processes, and greenhouse gas emissions.
• Social Context: The success of the transition to a biomass-to-biofuels SoS is linked to society's willingness to change-e.g., farmers must switch from cash crops to energy crops and consumers must select alternative vehicles over conventional vehicles.
